Objective To investigate the relationship among cortical radiologic changes, the number of early relapses (ERs), and the long-term course of multiple sclerosis (MS).
The evolution of relapsing remitting (RR) multiple sclerosis (RRMS) is largely unpredictable, and the prevention of the secondary progressive (SP) phase is a major unmet therapeutic need. 1, 2 Pathologic processes that lead to the conversion to SPMS remain unclear. 3, 4 In addition, the lack of surrogate biomarkers for late disability accumulation makes it difficult to identify, early in the disease course, patients requiring more aggressive therapies. 5 Pathologic injury to the gray matter (GM) plays a major role in the accumulation of long-term disability. [6] [7] [8] Cortical lesions (CLs) and cortical atrophy can occur during the early stage of the RR phase, [9] [10] [11] [12] [13] [14] increase over time, 15, 16 accounting for the transition to SPMS, 17 and become diffuse during the late stage of the disease. 7, 9, 18 Natural history studies consistently demonstrated that patients with a large number of inflammatory attacks during the first 2 or 5 years accumulate severe disability more rapidly. 1, [19] [20] [21] This suggests that pathologic mechanisms occurring in the very early stage of the disease influence the severity of the individual outcomes.
In this context, we hypothesized that the early development of the cortical pathology might be associated with more rapid disability accumulation. Therefore, we set out to explore the prognostic value of early clinical and MRI features and to elucidate GM radiologic changes among patients with different early relapse (ER) frequencies.
Methods

Study population
In this longitudinal study, we assessed clinical and radiologic data from a cohort of patients currently attending the MS specialist center of Verona University Hospital. We selected 219 patients with RRMS with clinical onset between 2005 and 2008 for whom information on the number of ERs was available and who have been observed from the disease onset for at least 5 years. Patients were diagnosed according to McDonald criteria 22 and were clinically evaluated every 6 months or when experiencing acute attacks by a neurologist expert on MS (M.C.). Disability was scored with the Expanded Disability Status Scale (EDSS). 23 A complete MRI examination was performed at disease onset and on a yearly basis up to the end of the observation period. Clinical relapses were defined as acute development of new symptoms or worsening of existing symptoms lasting >24 hours. SPMS was defined by the occurrence of continuous disability accumulation that was not related to any relapse and was confirmed after 12 months. Although transitory plateaus in the progressive course were allowed, the steady progression was the rule. 24 On the basis of the number of ERs that occurred during the first 2 years from disease onset, patients with RRMS were divided into 3 groups: patients with onset attack (Low-ER frequency) who experienced a second exacerbation after the second year, patients with 2 attacks within the first 2 years (Mid-ER frequency), and patients with at least 3 attacks (High-ER frequency) during the first 2 years. Patients were started on disease-modifying treatments after having experienced a second relapse within or after the first 2 years from onset (conversion to clinically defined MS). Patients who experienced a relapse while on treatment were escalated to a stronger therapy (second-line treatment).
Images acquisition protocol and analysis
Each patient had to be relapse and steroid free for at least 1 month before undergoing the MRI examination. All images were acquired with the same 1.5T scanner (Achieva, Philips Medical Systems, Best, the Netherlands), with a 33-mT/m power gradient and a 16-channel head coil. No major hardware upgrades of the scanner occurred during the study period, and bimonthly quality assurance sessions took place to guarantee measurement stability. At follow-up, participants were carefully repositioned according to published guidelines for serial MRI studies of MS. 25 The following images were acquired from each participant: (1) 3-dimensional (3D) double inversion recovery (DIR) (3D sequence without any interpolation techniques; repetition time [TR] 6.500 milliseconds, inversion time 2.800 milliseconds, delay 500 milliseconds, echo time [TE] 265 milliseconds, slice thickness 1.5 mm, number of averages 2, matrix 256 × 2562); (2) 3D fluid-attenuated inversion recovery (TR 10,000 milliseconds, TE 120 milliseconds, inversion time 2,500 milliseconds, echo train length 23, slice thickness 1.5 mm, matrix 172 × 288, and field of view 250 × 200 mm 2 ), and (3) 3D magnetizationprepared rapid gradient-echo (MP-RAGE) sequence (120 contiguous axial slices, TR 25 milliseconds, TE 4.6 milliseconds, flip angle 30°, slice thickness 1.0 mm, matrix 256 × 256, and field of view 250 ×250 mm 2 ).
In line with recent recommendations for CL scoring and cortical thickness measurement in patients with MS, 26, 27 a neurologist (M.C.) and a neuroradiologist (A.M.), who both have a great deal of experience in MS and were blinded to patients' clinical details, evaluated all images. Because the Glossary CL = cortical lesion; DIR = double inversion recovery; EDSS = Expanded Disability Status Scale; ER = early relapse; GM = gray matter; HR = hazard ratio; MP-RAGE = magnetization-prepared rapid gradient-echo; MS = multiple sclerosis; RR = relapsing remitting; SP = secondary progressive; TE = echo time; 3D = 3-dimensional; TR = repetition time; WM = white matter.
main objective of our study was to investigate the predictive effect of early radiologic changes on the long-term clinical evolution, we assessed MRI data at clinical onset (T0), at 2 years from onset (T2), and at the end of the observation period. The following MRI parameters were analyzed. First, cortical thickness/volume was determined. The mean cortical thickness was measured in each participant at T0, T2, and the end of the follow-up. The MP-RAGE dataset (including 3D MP-RAGE for each patient at each time point) was analyzed with the longitudinal stream of FreeSurfer image analysis suite (release version 5.3.0), which is available online (surfer.nmr. mgh.harvard.edu/). Topological defects in cortical surfaces due to white matter (WM) and leukocortical lesions were corrected with a semiautomated procedure that includes WM lesion segmentation and lesion filling. Second, CL number and volume at T0, T2, and the end of follow-up were assessed. The number of new and preexisting CLs was assessed on DIR images by consensus of the 2 observers (M.C. and A.M.).
Owing to the suboptimal performance of the imageacquisition sequences on MRI in visualizing subpial lesions, the present analysis has taken into account mainly the intracortical and leukocortical lesions. Third, WM lesion number and volume at T0, T2, and the end of follow-up were examined. WM lesion volume was calculated on fluid-attenuated inversion recovery images with a semiautomatic threshold technique based on Fuzzy C mean algorithm, which is included in software developed at the NIH, Medical Images Processing, Analysis and Visualization (mipav.cit.nih.gov).
Statistical analyses
We used the χ 2 test, the binomial test, and the Wilcoxon signed-rank test to compare categorical data and analysis of variance and Kruskal-Wallis tests to compare means across patient groups for normal and nonnormal variables, respectively. The Shapiro-Wilks test was applied to test normality. Kaplan-Meier analysis estimated the time to the conversion to SPMS among patients stratified by number of attacks during the first 2 years or stratified by number of CLs at disease onset. The log-rank test investigated differences; survival was compared with groups with more relapses or with a larger number of CLs. The Cox regression univariate analysis calculated the risk of entering the SP phase on the basis of the number of baseline CLs; hazard ratios (HRs) were obtained through comparison with 0 CLs. Multivariate analysis allowed investigation of the risk of developing SPMS according to the concomitant effect of clinical, demographic, and radiologic features at disease onset and at 2 years after onset. Proportional hazards assumption was checked by visual inspection of Schoenfeld residual plots and corresponding statistical tests. We applied an automatic model selection strategy to identify the best predictive variables. These were used to develop a final model that calculated the relative risk of SP for every combination of variables values.
For consistency, 2 authors (A.S. and C.R.) carried out statistical analyses independently using IBM SPSS statistics version 22 and R software (r-project.org); results from the 2 analyses were reviewed, checked, and partially extended by 1 author (C.R.).
Standard protocol approvals, registrations, and patient consents
The local ethics committee approved the study. Informed consent was obtained from all patients.
Data availability
Data on disease-modifying treatments used during the observation period among patients participating to the study will be shared by request from any qualified investigator.
Results
Clinical and radiologic findings
We analyzed data from 219 patients with RRMS with a mean disease duration of 7.9 years (range 5.4-11.8 years). At disease onset, we detected 674 CLs in 76% (166 of 219) of patients; 60% (407 of 674) of the lesions were intracortical, and 40% (267 of 674) of the lesions were leukocortical. By the end of the observation period, 73% (160 of 219) of patients were still classified as RRMS and 27% (59 of 219) had converted to SPMS in 6.1 mean years. The subgroup who entered the SP phase, compared to those who remained in RR, had a larger proportion of men, older age at disease onset, and a higher number of ERs 2(table 1). In addition, the subgroup of patients whose disease became SPMS had at onset, after 2 years, and at the end of the observation period a significantly larger volume of WM lesions and CLs and a significantly lower global cortical thickness (table 2).
Association of baseline CLs with clinical outcome
The lack of CLs at disease onset was associated with a better clinical outcome. Among patients without radiologic evidence of focal cortical damage at the first attack (24% [53 of 219]), no one entered the SP phase (figure 1A), and only a few (n = 4) reached an EDSS score of 4 by the end of the observation period. In contrast, in the group with focal cortical damage at clinical onset, the probability of converting to SPMS increased proportionally with the number of CLs (figure 1B); patients with 2 (HR 2.16), 5 (HR 4.79), and 7 (HR 12.3) lesions had 2-, 4-, and 12-fold higher hazard of secondary progression, respectively. Accordingly, the group of patients with a larger number of baseline CLs entered the SP phase in larger proportions and in significantly (p < 0.001) shorter times (figure 1A). Table 3 (table 3) . In addition, during the first 2 years of disease duration, the High-ER group had a significantly greater increase in WM lesions and CL volume and a more severe global cortical thinning (table 3) . Finally, after 7 mean years from onset, patients with High-ER frequency entered the SP phase in a significantly shorter time and at a significantly younger age (table 3) , accumulated a larger mean volume of CLs and WM lesions, and developed a significantly more severe global cortical atrophy compared to the Mid-ER and Low-ER groups (table 3 and figure 2 , B and C).
The cortical pathology and ERs
Multivariate analysis: the risk of conversion to SPMS
Multivariate analysis demonstrated that at the first attack the risk of converting to SPMS was significantly higher among patients with older age at onset (HR calculated for year increase) and with a larger volume of GM and WM lesions (HR calculated for 1-mm 3 increase) (figure 4A). Two years after the clinical onset, older age at the first symptom and larger volume of baseline CLs still were significantly associated with a higher risk of entering the SP phase. In addition, the model demonstrated that changes of the global cortical thickness over the first 2 years significantly affected the probability of converting to SPMS, and High-ER frequency (≥3 attacks) exerted the largest predictive effect (HR 6.55, 95% confidence interval 2.6-16.0, p < 0.001), while the baseline WM damage had no effect on the clinical outcome (figure 4A).
We calculated the probability of experiencing the SP course on the basis of the combined effect of age at onset, baseline CL volume, and ER frequency (figure 4B). The model estimated that, in the groups with 1 and 2 ERs, patients with onset after the age of 40 and with a baseline CL volume between 600 and 900 mm 3 had a higher hazard of converting to SPMS (relative risk >1). In contrast, in the High-ER group, patients with a much younger age at onset (≥20 years) and with much smaller volume of baseline CLs (≥200 mm 3 ) had an increased risk of progression (relative risk >1).
Discussion
Among patients with RRMS, a higher frequency of ERs is associated with faster attainment of late disability, 1, [19] [20] [21] suggesting that biological mechanisms occurring during the early phase of the disease influence the long-term disease evolution. On the basis of these observations, we hypothesized that the development of cortical damage early in the disease course might be associated with faster disability accumulation. Therefore, we specifically designed this study to investigate the relationship between the early cortical pathology and the probability of converting to SPMS and whether MRIidentified GM damage varies among patients with RRMS stratified by different frequencies of ERs. In a group of 219 patients with RRMS, we had the opportunity to assess GM radiologic changes at the disease onset, 2 years after onset, and the end of the observation period after 7 mean years from the first clinical presentation.
As shown by previous studies, 28, 29 we confirmed that a higher WM lesion load early in the disease course predicts a worse clinical outcome, but we also demonstrated that the extent of the focal cortical damage detected at clinical onset significantly influences the risk of becoming progressive and the latency to the SP phase. Patients who converted to SPMS within the follow-up period were distinguished at disease onset not only by more prominent WM damage but also by a more serious cortical pathology, which greatly increased over time (table 2) . The survival analysis showed that a larger number of CLs at onset was associated with a proportionally higher risk of becoming progressive (figure 1B). The group with high CL load (≥7 lesions) exhibited an aggressive disease course and rapidly converted to SPMS (6.5 mean years, 95% confidence interval 5.9-7.0), on average 4 years earlier than those with 1 to 3 lesions ( figure 1A) . Therefore, the presence at clinical onset of focal inflammation of the GM is an early marker of worse outcome, and the severity of the cortical damage dictates the tempo of the latency to progression. This is line with previous radiologic studies demonstrating that more severe GM pathology correlates with worse clinical outcome 7, 8, 17, [30] [31] [32] As we hypothesized, our analysis also showed a correlation between the GM pathology and frequency of ERs. The cortical damage worsened dramatically over time in the High-ER group, while it changed minimally in the Mid-ER and Low-ER groups. During the observation period, patients with a high number of ERs had a greater increase not only of WM lesion volume (table 3) but also of CL volume and a more prominent global cortical volume loss (figure 2B), which accounted for their more rapid conversion to SPMS. The unexpected result of our study was the identification among the 3 groups with different ER frequencies of a significantly different focal cortical burden even at clinical onset. After the first demyelinating attack, patients who would experience a higher number of relapses within the next 2 years had radiologic evidence not only of a larger volume of WM lesions but also of a greater volume of CLs (figure 2A), suggesting an association between the early development of focal cortical damage and mechanisms underlying early clinical attacks.
The question of whether the cortical tissue damage is secondary to the WM pathology or is an independent process remains unresolved. 33 Although neuropathologic studies demonstrated a correlation between the severity of cortical damage and WM inflammation, 18, 34 it has also been shown that the development of CLs is driven mostly by meningeal inflammation 18, 35, 36 and by higher intrathecal inflammation. 37 More prominent WM inflammatory activity does not necessarily entail more serious cortical pathology, which might be driven by independent mechanisms, at least to some extent. 17, 32 Notably, in our cohort, among High-ER (≥3 ERs) patients, some (12%, 6 of 50) did not have any CLs at disease figure 1A ).
The multivariate model further emphasizes the prognostic relevance of the early cortical pathology by demonstrating that the extent of the focal cortical damage at disease onset affects the probability of developing a progressive course Abbreviations: CI = confidence interval; CL = cortical lesion; ER = early relapse; High-ER ≥3 early relapses; Low-ER =1 early relapse; Mid-ER = 2 early relapses; MS = multiple sclerosis; RR = relapse remitting; SP = secondary progressive; T2 = 2 years after onset; T0 = disease onset; WM = white matter.
The p values were obtained with analysis of variance test. a Compared to baseline. independently of the WM pathology. The independent predictors of a significantly higher risk of converting to SPMS in a short time were old age at onset, a larger volume of WM lesions, and a high number of ERs, which are line with previous studies, 1, [19] [20] [21] 28, 29, 38, 39 but also a large volume of CLs at onset and changes in global cortical thickness over the first 2 years ( figure 4A ). This indicates that the development of early white and GM damage affects the long-term outcome by determining an early accelerated cortical thinning.
Taken together, the findings of our analyses indicate that extensive focal cortical damage at the disease onset distinguishes patients destined to have a florid early clinical inflammatory activity and a rapid occurrence of the progressive phase, which is driven by the worsening cortical pathology over time. This supports the notion that the early disease stage is the crucial time when pathologic processes leading to SPMS are already active. Although early treatment initiation was shown to reduce the probability of disability accumulation, 40, 41 it is still uncertain whether an aggressive therapeutic suppression of the early inflammatory activity can prevent the onset of progression. 2 In line with observations from alemtuzumab 42 and autologous hematopoietic stem cell transplantation studies, 43 our data suggest that there might be an early window of opportunity for treatment to achieve better disease control by targeting the early inflammation and preventing the development of the cortical pathology early, before irreversible changes take place. Notably, the majority of High-ER patients received a more aggressive therapeutic approach but experienced much faster disease progression compared to Mid-ER and Low-ER patients, who were treated predominantly with first-line treatments. However, the aim of this study was not to address the effect of early aggressive treatment, which requires larger samples and appropriate randomization. Figure 3 MRI images at T0 (A.a, B.a, C.a), T2 (A.b, B.b, C.b), and end of follow-up (A.c, B.c, C.c) Our predictive model provides proof of principle for the early stratification of patients based on their risk of becoming progressive. This can be used to optimize therapy and to improve randomization in trials in which the extent of the focal cortical pathology could be tested as a marker of late disability accumulation. Older age and more severe cortical damage at disease onset greatly increase the probability of becoming progressive, especially in the group with High-ER, for whom the maximum estimated hazard (relative risk 148.2) was 5 and 3 times higher compared to the Mid-ER (relative risk 27.6) and Low-ER (relative risk 46.8) groups, respectively (figure 4B).
Our study has some limitations. First, much of the analysis results are based on the definition of the clinical onset of the progressive phase, which has an inevitable degree of subjectivity. However, it is reassuring that our data on the clinical course are very much in line with results from natural history studies. In addition, the model investigating clinical and radiologic predictors of the probability of reaching EDSS 4 (data not shown) showed results remarkably similar to those of the multivariate analysis assessing the risk of SP. This indicates a low risk of bias affecting our results. Second, the DIR is known to have low sensitivity in detecting CLs, especially the subpial ones. 44 Despite this, it has been demonstrated that the number of radiologically detectable lesions correlates well with the overall size of the histologic cortical damage. 45 In addition, the present analysis has taken into account mainly the intracortical and leukocortical lesions; the imaging acquisition was carried out at a single center and was based on a highly homogenous set of images; and the identification of CLs was carried out by 2 experienced observers (M.C. and A.M.). Thus, we believe that our findings accurately reflect the extent of the cortical pathology among groups. Finally, the lack of data on gadolinium-enhancing Figure 4 Cox regression multivariate analysis: risk of developing SPMS.
(A) Clinical, demographic, and radiologic variables at clinical onset (T0) and 2 years after onset (T2) affecting the risk of conversion to secondary progressive multiple sclerosis (SPMS). (B) Relative risk of converting to SPMS based on varying age and extent of cortical lesion (CL) volume at onset in each group of patients with 1 (Low), 2 (Mid), and ≥3 (High) early relapses (ERs). After 2 years from onset, older age at onset, a larger volume of CLs at onset, more severe global cortical thinning, and a high number of ERs were independently and significantly associated with a higher probability of entering the SP phase. In the High-ER group, higher hazard of SP (relative risk >1) is estimated to occur when at clinical onset patients are >20 years old and have a CL volume ≥200 mm 3 . In contrast, in the Mid-ER and Low-ER groups, an increased risk of progression occurs when onset is after the age of 40 and with a baseline CL volume between 600 and 900 mm 3 . CI = confidence interval; HR = hazard ratio; WM = white matter.
lesions might represent a potential limitation. However, we evaluated all patients with the same MRI scanner, which guarantees high consistency in follow-up imaging when detecting new or expanding WM lesions.
Our study demonstrates that, among patients with RRMS, the development of GM damage early in the disease course is associated with more frequent ERs and with a higher risk of experiencing rapid disability accumulation. The results provide a basis for patient stratification aimed at therapeutic optimization. From a biological perspective, these results highlight the importance of elucidating mechanisms involved in the early cortical pathology, which can be a potential target for future neuroprotective therapies. 
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Disclosure
Study question
Is the early development of severe cortical pathology in relapsing-remitting multiple sclerosis (RRMS) associated with high frequency of early relapses and with fast conversion to secondary progressive MS (SPMS)?
Summary answer
Extensive cortical damage at MS clinical onset distinguishes patients who are destined to have a florid early clinical inflammatory activity and a more rapid occurrence of the SP phase.
What is known and what this paper adds
Patients with high frequency of early relapses and severe cortical pathology accumulate disability more rapidly. However, pathologic processes underlying the onset of the progressive phase remain poorly understood. This study shows an association between grey matter injury and early relapses, and demonstrates that the early cortical damage affects mechanisms leading to SPMS. Results further support the notion that the outcome severity is largely determined during the early disease stage.
Participants and setting
This study followed 219 patients with RRMS (60% female; mean age at onset, 32.4 ± 10.0 years) through Verona University Hospital. Disease onset occurred in 2005-2008.
Design, size, and duration Participants were evaluated biannually and during acute attacks. MRI scans were performed at disease onset and annually thereafter. Evaluators who were blinded to clinical data assessed the scans for global cortical thickness, cortical lesions, and white matter lesions. Clinical relapses were defined as the presentation of new symptoms or the worsening of preexisting symptoms over >24 hours. SPMS was defined as continuous disability accumulation over 12 months, as measured with the Expanded Disability Status Scale, that was unrelated to any specific relapse. Kaplan-Meier and Cox regression analyses were used to determine the early pathologic factors that determined the risk of progression to SPMS.
Main results and the role of chance Over a mean follow-up period of 7.9 years since disease onset (range, 5.4-11.8 years), 59 (27%) patients developed SPMS.
The presence of more cortical lesions at disease onset predicted a greater risk of developing SPMS and a shorter latency to progression (p < 0.001). Patients with high frequency of early relapses had a larger volume of cortical lesions at clinical onset, accrued more focal cortical damage and experienced more severe cortical atrophy over time, which accounted for their faster disability accumulation. In the multivariate model, predictors of more rapid conversion to SPMS included greater baseline cortical lesion volumes (hazard ratio [HR], 2.21; p = 0.005) and white matter lesion volumes (HR, 1.32; p = 0.03), early changes in global cortical thickness (HR, 1.36; p = 0.03), and experiencing ≥3 early relapses (HR, 6.08; p < 0.001).
Bias, confounding, and other reasons for caution This study used a partly subjective definition of SPMS onset and imaging methods with low sensitivity to cortical lesions.
Generalizability to other populations
This study's single-center nature may limit the generalizability of the results.
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